Introduction
Targeted tumor therapy and personalized medicine are critically depending on disease profiling and the development of companion diagnostics. [1] [2] [3] [4] [5] Mutations in tumor-derived nucleic acids can be highly predictive for the response to targeted treatment of cancer (eg, KRAS mutations in colorectal cancer, BRAF mutations in melanoma, and EGFR mutations in lung carcinoma). 5 However, obtaining easily accessible high-quality nucleic acids remains a significant developmental hurdle. [1] [2] [3] Blood generally contains 150 000 to 350 000 platelets (thrombocytes) per microliter, 6 which exert their diverse functions 7 and provide a highly available biomarker source for research and clinical use. 8 Moreover, blood platelet isolation is relatively simple and is a standard procedure in blood bank/hematology laboratories. Because platelets do not contain a nucleus, their RNA transcripts, needed for functional maintenance, are derived from megakaryocytes during platelet origination. 6, 8, 9 Platelet RNA can be readily isolated and subjected to gene-expression analysis. [8] [9] [10] Here we show that blood platelets take up tumor-derived secreted membrane vesicles that can contain tumor-associated RNA and that platelets can serve as a potential biomarker source for cancer diagnostics.
Methods

Platelet isolation and tissue resection
Tumor tissue resection and whole blood harvesting from glioma and prostate cancer patients were performed at the VU University Medical Center (Amsterdam, The Netherlands) and at Norrlands Universitets Sjukhus (Umeå, Sweden), all after informed consent and following ethical guidelines in accordance with the Declaration of Helsinki. Platelets were isolated from whole blood collected in purple-cap BD Vacutainers containing EDTA anticoagulant by standard centrifugation. The cells were removed by centrifugation at room temperature for 20 minutes at 120g, which was repeated for 5 minutes. The platelets were isolated from the supernatant by centrifugation at room temperature for 20 minutes at 360g, after which the platelet pellet was washed twice in PBS, 0.8% EDTA and collected in 100 L PBS. Platelet quality (activation and aggregation) as well as purity were assessed by microscopic analysis. Next, isolated platelet pellets were snap-frozen for further use.
Microvesicle isolation, labeling, and transfer
Microvesicles were isolated from U87/U87-EGFRvIII glioma and 22Rv1 prostate cancer cells and labeled as described previously. 11 After U87-EGFRVIII microvesicle incubation, the platelets were washed and treated with RNAse enzymes to ensure that the EGFRvIII RNA was delivered into the platelets and therefore protected from RNAse-mediated degradation. The microvesicle uptake was analyzed using the LSM-710 confocal microscope system with the ZEN 2010 software (Carl Zeiss) and a 63ϫ oil immersion objective (Carl Zeiss). Platelets were stained with Texas red-conjugated wheat germ agglutinin (Invitrogen) to indicate platelet structure and analyzed for microvesicle uptake by the presence of green PKH67 (Sigma-Aldrich). Electron microscopy was performed as described elsewhere. 12 
RT-PCR
RT-PCR for EGFRvIII, PCA3, and GAPDH was performed as described previously, 11, 12 using the following primer sets:
Nested EGFRvIII primers: PCR1, forward, 5Ј-CCAGTATTGAT-CGGGAGAGC-3Ј; and reverse, 5Ј-TGTGGATCCAGAGGAGGAGT-3Ј; PCR2, forward, 5Ј-GAGCTCTTCGGGGAGCAG-3Ј; and reverse, 5Ј-GCCCTTCGCACTTCTTACAC-3Ј. 
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Nested PCA3 primers (exons 2-3): PCR1, forward, 5Ј-AGTCCGCTGT-GAGTCT-3Ј; and reverse, 5Ј-CCATTTCAGCAGATGTGTGG-3Ј; PCR2, forward, 5Ј-ATCGACGGCACTTTCTGAGT-3Ј; and reverse, 5Ј-TGTGTGGC-CTCAGATGGTAA-3Ј.
GAPDH primers: forward, 5Ј-GAAGGTGAAGGTCGGAGTC-3Ј; and reverse, 5Ј-TCAGAAGATGGTGATGGGATTTC-3Ј.
Results
Cancer cells secrete membrane vesicles that transfer mutant RNA into blood platelets
In Figure 1 , we show that platelets isolated from healthy human control subjects have the ability to take up secreted RNAcontaining membrane vesicles derived from human cancer cells.
We isolated platelets form healthy donor subjects, as well as secreted membrane vesicles from glioma and prostate cancer cells 11, 12 (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Next, we labeled the isolated microvesicles with green fluorescent dye PKH67 and subsequently incubated them with the blood platelets. We determined uptake and accumulation of labeled tumor-derived microvesicles in the blood platelets by FACS analysis ( Figure 1A ). To confirm that the microvesicles were internalized by the platelets, we used confocal microscopy, demonstrating significant uptake of PKH67-labeled microvesicles derived from glioma and prostate cancer cells ( Figure 1B) . The secreted membrane vesicles from the glioma cells analyzed here contained tumor-associated RNA, including mutant EGFRvIII. 11 To establish Figure 1C ). We detected EGFRvIII RNA by RT-PCR in platelets from healthy donor subjects that were incubated with membrane vesicles isolated from EGFRvIII-positive glioma cells, and not in platelets incubated with microvesicles from EGFRvIIInegative glioma cells. Next, we implanted U87-EGFRvIII glioma cells expressing firefly luciferase in the mouse brain 13 ; and after 2 weeks, the mice were imaged using firefly luciferase-mediated bioluminescence imaging showing significant tumor growth ( Figure 1D ), after which 500 L of blood was withdrawn from the heart. Platelets were isolated, and RT-PCR was used to demonstrate the presence of EGFRvIII mRNA in platelets in vivo ( Figure 1D ).
Blood platelets from cancer patients contain tumor-derived mutant RNA
To determine whether circulating blood platelets isolated from glioma patients contain the RNA biomarker EGFRvIII, we compared blood platelets from healthy donor subjects to blood platelets from glioma patients ( Figure 1E ; summarized in supplemental Table 1 ). In addition to the RNA isolated from blood platelets, we isolated RNA from the corresponding glioma tissues. As proof of concept, we used RT-PCR to determine whether mutant EGFRvIII RNA was detectable in resected glioma tissues and in platelets from the same patient (n ϭ 26), as well as in platelets from healthy control subjects (n ϭ 12). The samples were coded, and RT-PCR was performed in a blinded fashion. A total of 21% of the glioma tissue samples contained the EGFRvIII transcript (supplemental Table 1 ), similar as observed earlier. 11 Notably, EGFRvIII was amplified from platelets in 80% of the EGFRvIII-positive patients, and from none of the platelets of the healthy donors (n ϭ 12), whereas GAPDH RNA was detected in all platelet samples. To demonstrate that the presence of tumor-associated messages is not unique to platelets from glioma patients, we report the presence of RNA coding for the prostate cancer marker PCA3 in platelets from prostate cancer patients (n ϭ 12) and their absence in platelets from healthy control subjects (n ϭ 10; Figure 1F ).
Gene-expression profiling identifies a glioma signature in blood platelets
Finally, using gene-expression arrays, we determined the RNA profiles of platelets isolated from healthy control subjects (n ϭ 12) and glioma patients (n ϭ 8; supplemental Methods). SAM analysis was performed to determine that we obtained distinct RNA expression profiles and allowed us to compile a glioma-associated gene-expression signature (Figure 2A) . Interestingly, several of the potential biomarkers were hardly detectable in control samples, whereas in the blood platelets from the glioma patients they were highly expressed ( Figure 2B) .
Discussion
Here we demonstrate that membrane vesicles secreted by cancer cells are vehicles capable of transferring tumor-derived (mutant) RNA into platelets, as shown by confocal microscopy and RT-PCR. It is established that tumor cells can release RNA into the circulation via a variety of microvesicle types. 11, 12, [14] [15] [16] However, additional mechanisms are emerging; for instance, circulating microRNAs (miRNAs) have been detected in conjunction with argonaute 2 protein, 16 as well as in complex with high density lipoprotein. 17 Therefore, tumor-derived RNA molecules in platelets may also transfer via microvesicle-independent mechanisms. Interest in platelets and their ability to interact with intravascular components have enticed several groups to pursue the use of platelets as a protein source for cancer biomarkers and investigating their function in disease. [18] [19] [20] [21] [22] Several platelet proteins were identified as potential cancer biomarkers, including PF4 23 and thrombospondin-1. 24 Interestingly, thrombospondin-1 was shown to be a negative regulator of angiogenesis and affects plateletmediated recruitment of bone marrow-derived cells to sites of tumor angiogenesis. 25 In addition, platelet-derived lysophosphatidic acid was shown to support breast cancer metastasis and was identified as a potential therapeutic target by interfering with the recruitment of bone marrow-derived cells to angiogenic sites. 26 It was recently shown that megakaryocytes selectively transport mRNAs into platelets, allowing only a subset of RNAs to be transferred into platelets, 27 and Calverly et al identified a subset of megakaryocyte/platelet-derived mRNAs that are differentially expressed in lung cancer metastasis. 28 However, any role of tumorderived RNA in platelet biology and cancer remains to be investigated, and it remains unclear to what extent the transferred tumor-derived RNA can be functionally translated into proteins, thereby manipulating platelet function, as previously shown to 12 A recent study demonstrated miR-28 to be deregulated in platelets of cancer patients. 29 Because platelets have a functional miRNA machinery, 10, 30 it would also be of interest to determine whether tumor-derived miRNAs can functionally repress translation in platelets, as was demonstrated to take place in monocytes on microvesicle-mediated delivery of tumor-derived miRNAs. 31 Besides the microvesicle uptake shown here, it was reported that platelets can efficiently release protumoral microvesicles themselves, 18, 32, 33 thereby possibly allowing for a blood-based distribution network of (tumor-derived) RNA. Thus, the spread of RNA by tumor cells via platelets provides a strategic opening for cancer surveillance. The results presented here demonstrate that platelets contain tumor-associated RNA and therefore may possibly serve as an attractive platform for the companion diagnostics of cancer in the context of personalized medicine.
